Introduction
Differentiating treatment-related changes from tumor recurrence in cases of cerebral gliomas has been a long-standing difficulty [1, 2] . Recent advances in the treatment of high grade primary brain tumors has significantly increased the challenge of interpreting follow up MR imaging used for monitoring disease progression, tumor response and prognostication for these patients [3] [4] [5] .
In addition to the formidable problem of differentiating treatment-related necrosis from tumor recurrence, referred to as pseudo-progression, the use of antiangiogenic agents has lead to decreased contrast enhancement in the presence of existing tumor, referred to as pseudo-response. These problems have resulted in the development of new criteria for evaluation, under the acronym for Response Assessment in Neuro-Oncology criteria (RANO) [6, 7] .
Distinguishing true tumor progression from treatment-related changes is very important in managing these complex patients. Misinterpretation can result in
Patient selection and data confidentiality
We retrospectively screened our existing PACs database (McKesson, San Francisco, CA) using dates and referring physicians. Inclusion criteria were primary brain neoplasms currently being treated in the age range of 18-90. Exclusion criteria were WHO grade I neoplasms, non-glial tumors, metastasis, age less than 18 years, extra-axial tumors (such as meningiomas) and vulnerable populations.
A primary cohort of patients was chosen where ASL studies had been performed using commercial imaging sequences from one of two vendors (Philips Medical Systems, Seattle WA; GE Healthcare, Waukesha, WI). A comparison cohort of DSC studies was selected from the same patient database. Twenty-seven patients had both DSC and ASL performed on the same date and these are referred to as synchronous studies, i.e. both DSC and ASL were performed on the patient minutes apart on the same scanner. ASL was performed as the last noncontrast sequence, followed by DSC, which was then performed as the first post contrast sequence.
The primary cohort, however, contained a large number of patients where only ASL had been used in the evaluation of primary tumor patients. We thus created a larger cohort of ASL studies in primary tumor patients that included both the ASL studies from the synchronous cohort and those patients where only ASL sequences had been obtained. We refer to this larger data set as the expanded cohort. The additional non-synchronous ASL studies had all been performed on the 3T system. This larger cohort presented the opportunity to evaluate the statistical stability of the synchronous findings for ASL from the smaller sample.
Cases were stored in the teaching files section of our PACS system, de-identified and protected by the University of Colorado Hospital firewall. De-identified scoring data sheets were also kept behind the University of Colorado Hospital firewall. Analyzed data were listed by exam date only, with no identifiable parameters.
Technical parameters
All patients had undergone standard MRI clinical structural imaging: 1) Whole brain, pre-contrast, 5 mm axial T1, T2 TSE, T2 FLAIR, T2 Gradient Refocused Echo (GRE) images, Diffusion-Weighted Images (DWI) and Apparent Diffusion Coefficient maps (ADC);
2) Whole brain post contrast 5 mm axial, sagittal and coronal T1-weighted images. Standard Gadolinium single doses given were 0.1 millimole/kg.
MRI ASL systems:
Patients were imaged either with (predominantly) 3.0 Tesla pseudo-continuous ASL or 1.5 Tesla pulsed ASL (GE HD16.0 V01 1108.b; Signa unnecessary surgical interventions on one hand, or withholding needed therapy on the other. Pseudo-response can lead to incorrect prognostication for patients, leading to delay in end of life management and disappointment for a patient. Furthermore, it can lead to misinterpretation of data during clinical trials.
These diagnostic dilemmas now occur relatively frequently, when conventional imaging is performed alone for tumor follow up. However, Dynamic Susceptibility Contrast-enhanced (DSC) perfusion imaging has demonstrated its utility in differentiating central nervous system recurrent tumors from treatment-related changes [8, 9] .
Arterial Spin Labeling (ASL) perfusion has been recently FDA approved for three MRI manufacturers (Siemens, GE, Philips). ASL, however, is a costly software package and its general utility is only now being tested. It has some advantages over DSC, in that it is performed without contrast, it has less venous contamination (depending on supplier) and image co-localization with structural images can be routinely performed. The added imaging time of ASL is small and in our experience, offset by time saved performing DSC, which requires pressure contrast injection and more complex post processing. An important question is whether or not ASL performs as well as DSC in differentiating recurrent or residual neoplasm from pseudoprogression and pseudoresponse.
Preliminary studies and vendor-supplied literature suggest that ASL may be equal to DSC in estimating tumor blood flow in the central nervous system [10] [11] [12] [13] . A limited pilot study has been reported comparing ASL and DSC in differentiating tumor progression from treatment response for a small group of patients undergoing proton beam radiotherapy [14] . These investigators reported a possible advantage of ASL over DSC. However, in that study, only a single slice image was selected for comparison, and this slice was chosen based on T2-weighted images rather than contrast enhancement on T1-weighted images [10, 15] .
Contemporary clinical practice often does not permit time for quantitative assessment of perfusion images but DSC images are often acquired and evaluated subjectively. In our clinical experience, subjective evaluations have provided useful information to our referring clinicians in differentiating tumor from treatment-related changes. At the request of our referring physicians, we were asked to clinically evaluate ASL for its use in brain tumor follow up, and for a period of time, we obtained both ASL and DSC images on brain tumor. While the clinical utility of ASL became rapidly apparent, we decided to formally compare these two imaging techniques using a blinded retrospective paradigm.
Methods
IRB exemption was obtained to collect and re-evaluate tumor studies from our PACS database, from 2/23/2011 -4/26/2012. experience. Reviewer 1 was a neuroradiology fellow at the end of his first year of training. Radiologist 2 was a senior neuroradiologist who had graduated from a twoyear neuroradiology fellowship program and had been in practice 12 years. Neuroradiologist 3 graduated from a two-year fellowship program and had 2-3 years post graduate experience.
Structural evaluation: As a first step for each cohort, structural MR images from the CNS tumor patients were reviewed and assessed for contrast enhancement and areas of increased signal on T2 FLAIR images. Cerebral blood volume (DSC) and cerebral blood flow (ASL) images were then reviewed with specific attention paid to the entire regions of abnormality throughout the entire brain. The PACs system provided a tool for cross-referencing of ASL and structural images. Post processed DSC images could not be exactly cross referenced on the PACs system, so similar locations had to be estimated anatomically by the trained observers. Categorical assignments: Categories described above were assigned subjectively, based on the perceived degree of enhancement, in an attempt to mimic how perfusion imaging is used in a busy radiology practice. Category 1 was assessed when at least one clear focus of hyper-perfusion, in white or gray matter, was grossly increased relative to the corresponding region of the opposite hemisphere or the immediately surrounding brain tissue. Category 3 was assigned when enhancing or increased T2 signal regions clearly demonstrated hypo-perfusion, relative to the corresponding region of the opposite hemisphere or the immediately surrounding brain tissue. Grade 2 was assigned when perfusion signal in enhancing or increased T2 signal regions were judged as equivocal or mildly increased, relative to the corresponding region of the opposite hemisphere or the immediately surrounding brain tissue.
Inter-observer agreement:
The grading from each of the 3 independent reviewers was recorded for each study. Raw numerical agreement percentages were calculated for complete agreement (i.e., all observers give same score), partial agreement (i.e., scores of 1 & 2 or 2 & 3) or complete discordance (i.e., 1 & 3). Additionally, both the group concordance using Fleiss' Kappa and pair-wise concordances using Cohen's Kappa were scored.
Perfusion technique agreement:
For the 27 cases where both ASL and DSC images were obtained, the two techniques were numerically compared by calculating the raw percentage of agreement and by calculating Cohen's Kappa for each observer. Overall raw percentage agreement between ASL and DSC were calculated in a manner similar to the inter-observer agreement: complete agreement percentage, partial agreement percentage and disagreement. Cohen's kappa was linearly weighted to reflect that 1-3 scores were more discordant than 1-2 and 2-3 scores.
HDx, GE Healthcare, Waukesha, WI, or Philips Achieva 3.2.1, Philips Medical Systems, Seattle, WA). The GE patient studies were imaged with a 3T axial, pulsed-continuous, single delay time (GE offers three choices for delay time: pediatric, adult, late adult. The "adult" setting was chosen), spin echo acquisition with spiral readout ( 
Data scoring and analysis
Each study was evaluated by three trained neuroradiologists using a three-point grading scale: 1 = recurrent or persistent tumor, 2 = indeterminate, 3 = treatment-induced tissue injury. The interpretations were rendered and scored blindly. That is, the neuroradiologists were not allowed to see the original reports, any clinical data (such as biopsy results) or radiographic followup. They were given access to structural images for correlation and perfusion-weighted images but not allowed to review any spectroscopy data that might have been collected. The three neuroradiologist were of different levels had glial tumors: 8 WHO Grade II, 19 WHO Grade III, 23 WHO Grade IV and 1 indeterminate WHO Grade III or Grade IV. Figure 1 demonstrates a typical case of ASL and DSC images interpreted by all three readers as radiation necrosis. In this case, radiation necrosis was confirmed pathologically after biopsy. Notably, there was associated strongly restrictive diffusion along a portion of the enhancing lesion. Also note worthy is the minimal mass effect on the right atrium, demonstrated on structural images, considering the size of the enhancing lesion. Figure 2 demonstrates a case showing ASL and DSC findings interpreted as tumor by all three readers. Of note, the diffusion-weighted images showed minimal or no diffusion restriction and extensive surrounding vasogenic edema. Mass effect on the left atrium was significantly greater than on the previous case. The diagnosis was confirmed by resection and pathologic diagnosis. Table 1, table 2 and table 3 Clinical accuracy: Once scoring had been performed, one neuroradiologist was assigned to review follow up studies, pathology and clinical course. Final consensus of the actual outcome was then obtained after review with all three observers. Cases that were graded indeterminate by two of three scorers, or that were indeterminate as to the final outcome were not scored for accuracy and are discussed separately below. Follow up confirmation or discrepancy of the original scoring was used to calculate positive predictive value (PPV), negative predictive value (NPV) and accuracy for each original reading of each of the two cohorts (ASL and DSC) of the studies using a simple 2 × 2 table model. True positive and true negative scores were awarded when at least two of the three scores agreed with the final outcome. Likewise, false positive and false negative scores were awarded if at least two of the three scores disagreed with the final outcomes.
Results
A total of 51 patients and 76 studies were evaluated. All observers scoring 1 vs. 3 for a single study, did not occur in the ASL studies and occurred only 4% of the time (single case) in the DSC studies. Fleiss' free margin kappa for the three observers was 0.67 using ASL (substantial agreement) and 0.56 (moderate agreement) for DSC.
Comparison of an individual reader's interpretation between the two techniques (ASL vs. DSC) was evaluated In the synchronous cohort of patients (27 patients imaged at the same appointment on the same scanner), complete agreement between all three observers for ASL was 67% and DSC was 54%. Partial discordance, defined above, between at least 2 of the three observers for a study occurred 33% of the time with ASL and 44% of the time for DSC. Complete discordance, with at least 2 of the three Table 3 : 2 × 2 table values for ASL and DSC. The top two tables are the synchronous cohorts of ASL and DSC i.e. both DSC and ASL were performed on the patient minutes apart on the same scanner. ASL was performed as the last noncontrast sequence, the followed by DSC as the first post contrast sequence. The bottom tables are the subset of 24 synchronous studies where both ASL and DSC were performed, censored by exclusion of three patients whose outcomes remained indeterminate over the study period. A third consideration is that we did not attempt to obtain quantitative ROI statistics for comparison to our subjective observations. Instead, we chose to compare our results directly to the gold standards: pathology and clinical outcome, in order to obtain PPV, NPV, accuracy, sensitivity and specificity. Since the results were assessed directly against these gold standards, comparison to ROI statistics offered no meaningful insights into the subjective measurements used and might prove confusing. We would point out that ROI statistics are not a gold standard and are ladened with subjective choices, such as: choice of control area, choice of test areas (hyperperfusing tumor may not enhance or occur outside of enhancing regions), choice of proper border (border of enhancement or perfusion), choice of S/N that defines the border, choice of regional volume or slice cross section for comparison, choice of smoothing algorithms employed by the manufacture, choice of manufacturer methods of auto-scaling and choice of control for image distortion in echoplanar acquisitions. Additionally, it is not completely understood how much distortion is introduced by the negative contrast in DSC. Finally, leakage correction was not available in the manufacturers' FDA-approved DSC packages at the time of the study.
It has not been clearly established that ROI analysis outperforms subjective radiological interpretation. In many instances, such as stroke perfusion imaging, extensive efforts to make quantitative methods meaningful have not been entirely clinically successful, despite years of research and development. It is our own experience that automated quantitative stroke imaging products fail quite commonly. The quantification problems are only amplified in treated tumors, which have highly variable heterogeneity. While ROI analysis may seduce radiologists into thinking that the results are meaningful, any from 11% to 30%. There were two completely discordant readings (2%) between ASL and DSC, one by each of two different readers. Summing the results for the three readers, complete concordance between the two techniques was observed 76% of the time, while partial discordance was observed 21% of the time. Complete discordance occurred for only 2% of the readings. Two × two tables for ASL and DSC are shown in table 3. Both ASL and DSC were generally accurate, in those cases with current available definitive diagnoses. In the expanded cohort of 75 cases evaluated with ASL, twelve cases were indeterminate by the scorers and five cases had indeterminate outcomes. In the 27 cases evaluated with DSL, there were four cases scored indeterminate and three additional cases had indeterminate outcomes. The tables were constructed assuming that an indeterminate score was assumed to be negative test result. In table 3A and table 3B , an indeterminate result was assumed to be a negative condition, i.e. treated as radiation necrosis in the table, not tumor recurrence. In table 3C and table 3D , intermediate scores were also treated as a negative test result but the data was censored to exclude three tests where the outcomes remained indeterminate over the study period. Accuracy for ASL was 89% in the uncensored data and 92% in for the censored data. Positive predictive value (PPV) was 83% uncensored, 100% censored, and the negative predictive value (NPV) was 90% uncensored and 89% censored. Sensitivity was 71% for both censored and uncensored groups. Specificity was 95% for the total uncensored cohort and 100% for the censored subset.
Accuracy for DSC was 85% uncensored and 88% censored. PPV was 83% uncensored and 100% censored. NPV was 86% censored and 85% uncensored. Sensitivity was 63% for the total uncensored cohort and 57% for the censored subset. Specificity was 90% for the total uncensored cohort and 100% for the censored subset.
Finally, kappa, agreement, accuracy, PPV, NPV, sensitivity and specificity were calculated for the expanded cohort of ASL studies, for both the total cohort of 75 studies and a censored cohort removing the five cases where the final outcome remained indeterminate at the end of the study period. Fleiss' free margin kappa was 0.69 for the uncensored data and 0.70 for the censored data, both in the substantial agreement range. Complete agreement was 69% for the uncensored cohort and 70% for the censored subset. PPV was 78% uncensored and 88% for the censored subset. NPV was 86% uncensored and 85% censored. Sensitivity was 64% uncensored, 64% censored, and specificity was 92% uncensored, 64% censored. Accuracy was 84% uncensored and 86% censored (Table 4) .
Discussion Limitations
Two limitations in our study design were the use of only commercially available, FDA approved sequences demonstrated less variability between scorers than DSC, as demonstrated by the higher Fleiss' Kappa values for ASL. All three readers did agree that interpreting the ASL images was more straightforward, as venous contamination, which occurs with DSC, did not complicate the interpretations. It should be noted that this is vendor specific, since not all ASL software vendors have eliminated venous and CSF pulsation contamination. There were no completely discordant scores between the readers in the larger ASL cohort but there was a single completely discordant reading in the smaller DSC cohort. The significance of this small variation is questionable. Totals for all three observers showed complete concordance of scoring for the two techniques 67% of the time for ASL and 54% of the time for DSC in the synchronous cohorts. In the expanded ASL cohort this reached 70%. Complete or partial concordance was nearly universal with both techniques, with complete discordance never occurring with ASL, even in the expanded cohort, and occurring only 4% of the time with DSC.
Partial discordance did occur between our readers, for both ASL and DSC, when mild relative hyperperfusion was observed in the white matter. This typically occurred when relative perfusion was mildly increased in white matter regions that had been treated and was surrounded by white matter that was hypoperfused. This often led to interpretations that were intermediate or indeterminate. How we treated these intermediate values had the greatest impact on sensitivity. Since these patients had already received optimal treatment, false positive tumor recurrence interpretation could have a significant impact on quality of life. Additional surgery, chemotherapy and radiation all have substantial consequences for these patients, while delaying treatment until tumor recurrence is confirmed would have a lesser impact. Thus, we thought it justifiable to treat intermediate values as "test negative", which sacrificed sensitivity. However, the outcome of such intermediate perfusion (mild hyperperfusion) was variable, sometimes representing residual tumor responding to treatment and other times representing early recurrence. This may be reflecting what is commonly observed in pathological specimens from treated glial tumors. A relatively high percentage of biopsy specimens yield tissue that contains both necrotic tissue and residual tumor. Thus imaging voxels might contain tissue both de-vascularized and re-vascularized by angioneogenisis. Whether the residual tumor will continue to grow or succumb to apoptosis might not be predictable at this intermediate stage. Our current clinical and radiographic decision on such imaging findings is to follow these cases on serial imaging. In our experience, some of these regions eventually resolved, while others grew or initially decreased in size but then grew at a later time. Given the latter, it seems important that any surgical biopsy should include the hyperperfusing tissue to avoid sampling errors. such reassurance can be questioned. Because our results were compared to the true gold standards of clinical outcome and pathology, they stand regardless of any ROI statistical correlation.
ROI statistics, however, have been used previously to compare ASL and DSC [10] analyzing single slices. In this prior study, data were collected with custom software and custom acquisition, and evaluation was limited to contrast-enhancing regions. Despite the differences in protocols, our results are in agreement with this previous study.
Finally, we would add that ROI analysis is very time consuming and not clinically practical in current clinical environments. ROI analysis is only rarely used in daily clinical interpretation, and in most busy centers, it is not a practical option. Thus the two important questions we asked were:
1. "Could a simple clinical grading system be used with ASL and DSC to help distinguish tumor recurrence, pseudo-recurrence and pseudo-progression?" 2. "What would be the accuracy and limitations of such a method, with respect to the true gold standards, clinical outcome and pathology results?" Our results provide good preliminary evidence that at least two manufacturers have developed clinically reliable ASL sequences that are the equivalent of DSC, with regard to subjective differentiation of recurrent tumor from treatment-related enhancement. This statement is supported by the results from the censored cohort of 24 studies where both ASL and DSC had definitive results, where the two techniques showed similar accuracies, PPV and NPV, when at least two of the three readers agreed on the scoring. The accuracy, PPV and NPV fell slightly in the much larger cohort of ASL studies, but remained comparable. While this is undoubtedly partially a statistical phenomenon, certain sources of potential complications in interpretation became apparent when some cases from the larger cohort were reviewed with clinical and pathology colleagues. One of the complicating factors was the development of small telangiectasias after optimal radiation treatment, demonstrated pathologically. While this was not a frequent occurrence, it did result in a few false positive results in tumors classified as WHO grade III, who had longer post treatment life spans. Another factor leading to false positive studies in the larger cohort were enhancing regions near the temporal horns. The normal high perfusion of the choroid plexus, within the choroidal fissure, was sometimes confused with hyper perfusion in the nearby enhancing region, as a result of volume averaging.
Concordance between readers and the two techniques was quite good when hyperperfusion or hypoperfusion was clear. Our overall concordance results are similar to previous studies that compared high-grade tumor perfusion in DSC and ASL [14] . In our study, however, ASL Another source of variability for which we had discrepancies was combined areas of tumor and treatment changes with substantial nearby gray matter. Our ASL images offered some advantages in this regard, because our PACs system provided accurate cross-referencing for the ASL images, but not for the post processed DSC images.
Final considerations are the blinded retrospective design of our study and its limitation to a single institution. The blind re-evaluation of the imaging by independent observers can help decrease biases, but it cannot assure that all bias was avoided. The single academic institutional nature of the study cannot control for regional and referral biases in the original data set. The advantage however, is that standards for consistent interpretation were likely more readily established than might be possible for multiple centers.
Throughput
For our workflow, ASL sequences had no significant impact compared to DSC. The ASL imaging time was about 6 minutes, compared to a 1-2 minute time for DSC perfusion. There was, however, an additional small setup time penalty for DSC that averaged 1-2 minutes, as DSC requires some time for communication with the patient (via intercom) and the injector had to be armed. Post processing time for the different perfusion techniques was about the same.
Conclusions
ASL perfusion has promise as a reliable alternative to DSC in differentiating recurrent/persistent neoplasm from radiation necrosis and accurately predicts tumor progression. Both techniques have substantial accuracy, PPV, NPV and specificity. Sensitivity is sacrificed when indeterminate studies are treated as no tumor recurrence with either technique. This may be the best choice in patient management, since additional treatment carries substantial side effects and delaying treatment during follow-up produces little additional risk to the patients. We believe a controlled prospective study would be needed to establish optimal patient management schemes with both ASL and DSC as important additions to RANO criteria. Many factors will need to be addressed before quantitative evaluations could become meaningful.
